We consider an SO(10) grand unified theory in which the ratio of the SU (2) W and SU (3) c gaugino masses satisfy M 2 /M 3 ≈ 3, which results in the realization of natural supersymmetry. In the MSSM parameter space this relation looks artificial, but in the SO(10) case it results from a field with a designated vacuum expectation value. We consider two models, namely M 1 : M 2 : M 3 = −1/5 : 3 : 1 (Case I), and M 1 : M 2 : M 3 = −5 : 3 : 1 (Case II). Focusing on ameliorating the little hierarchy problem, we explore the parameter space of these models which yield small fine-tuning measuring parameters (natural supersymmetry) at the electroweak scale (∆ EW ) as well as at the high scale (∆ HS ). Although both models allow for the solution of the little hierarchy problem, the predicted sparticle spectra can differ markedly in the two cases. Depending on the ratio of the bino mass to the other gaugino masses, Case I leads to stau lepton masses of around a 100 GeV, while in Case II, the stau slepton masses are in the several TeV range. In Case I, the bino-like neutralino can be as light as 90 GeV, while the gluino is heavier than 2 TeV or so. In Case II, due to gluinobino near degeneracy, the bino cannot be lighter than a TeV or so. Having a light neutralino with sizable bino-higgsino mixture in Case I allows the direct dark matter search experiments to test this class of models.
Introduction
The ATLAS and CMS experiments at the Large Hadron Collider (LHC) have independently reported the discovery [1, 2] of a Standard Model (SM) like Higgs boson resonance of mass m h 125 − 126 GeV using the combined 7 TeV and 8 TeV data. This discovery is compatible with low scale supersymmetry, since the Minimal Supersymmetric Standard Model (MSSM) predicts an upper bound of m h 135 GeV for the lightest CP-even Higgs boson [3] . On the other hand, no signals for supersymmetry and the current lower bounds on the colored sparticle masses, namely mg 1.4 TeV (for mg ∼ mq) and mg 0.9 TeV (for mg mq) [4, 5] ) (1) have created some skepticism about naturalness arguments for low scale supersymmetry. Although the sparticle mass bounds in Eq. (1) are mostly derived for R-parity conserving constrained MSSM (CMSSM), they are more or less applicable for a significant class of low scale supersymmetric models. It was discussed in ref. [6] that there is room in the MSSM parameter space where the bounds in Eq. (1) can be relaxed, but this parameter space is not large and the models are specific. Low scale supersymmetry can accommodate a Higgs with mass m h 125 GeV in the MSSM but requires either a very large, O(few − 10) TeV, stop quark mass [7] , or a large soft supersymmetry breaking (SSB) trilinear A t -term, with a stop quark mass of around a TeV [8] . A heavy stop quark can lead to the "little hierarchy" problem [9] .
In the MSSM, through minimizing the tree level scalar potential, the Z boson mass, M Z = 91.2 GeV, can be computed in terms of the supersymmetric bilinear Higgs parameter (µ) and the SSB mass 
The approximation in Eq. (2) works well for moderate and large tan β values. We see from Eq. (2) that unless µ 2 and m
2
Hu values are of order M 2 Z , some fine-tuning of the two parameters is required, which is an indication of the so called "little hierarchy" problem. In order to clarify the fine tuning condition among SSB parameters and µ term in the MSSM we need to check the relation between these parameters not only at the electroweak (M EW ) scale but at any scale up to the grand unified theory (GUT) or Planck scale [11, 12] . In this paper we pursue this approach by seeking the parameter space which yields µ and m Hu values comparable to the Z-boson mass at any scale, with the squarks and gluinos being much heavier than a TeV at M EW .
It has been shown in [12, 13, 14] and references therein that non-universal gaugino masses at GUT scale (M GUT ) can help resolve the little hierarchy problem. In Particular, it was shown in ref. [12, 13, 14] that the little hierarchy problem can be largely resolved if the ratio between SU (2) L and SU (3) c gaugino masses satisfy the asymptotic relation M 2 /M 3 ≈ 3. In this case the leading contributions to m 2 Hu through RGE evolution are proportional to M 2 and M 3 can cancel each other. This allows for large values of M 2 and M 3 in the gravity mediated supersymmetry breaking scenario [15] , while keeping the value of m 2 Hu relatively small. On the other hand, large values of M 2 and M 3 yield a heavy stop quark (> TeV) which is necessary in order to accommodate m h 125 GeV. Note that except for the bino, all remaining sparticle masses weakly depend on the U (1) Y gaugino mass (M 1 ), especially if we require a neutralino LSP. This implies that the ratio of M 1 to other MSSM gauginos is not important for the little hierarchy problem, but is very important for the neutralino to be a suitable dark matter candidate. This was one of the main motivations to study the SU (4) c × SU (2) L × SU (2) R (4-2-2) model [16] . In the 4-2-2 model with C-parity [17] , the number of independent gaugino masses reduces from three to two and for bino mass we have:
In our previous paper [12] , employing the ISAJET 7.84 package [18] , we showed that in the 4-2-2 model there exists region of SSB parameter space in which the little hierarchy problem can be ameliorated not only at the M EW but also at M GUT . The corresponding solutions satisfy all collider constraints with the LSP neutralino being a suitable dark matter candidate. Since ameliorating the little hierarchy problem in the non-universal gaugino case occurs only for M 2 /M 3 ≈ 3 [12] , it is hard to explain the origin of this ratio within the 4-2-2 model or in the MSSM. Therefore, in this paper we study specific GUT scenarios where the desired ratio for the MSSM gaugino masses can be realized. There are several ways to obtain M 2 /M 3 ≈ 3 at the GUT scale, for instance, by using string or GUT contractions [14] . On the other hand, the low energy sparticle spectrum strongly depends on the value of M 1 and as we will show, varying the ratios M 2 /M 1 and M 3 /M 1 yields very distinguishable low energy sparticle spectrum which can be tested at LHC.
In this paper we consider two cases realized in the content of SO(10) : M 1 : M 2 : M 3 = −1/5 : 3 : 1 (Case I), and M 1 : M 2 : M 3 = −5 : 3 : 1 (Case II). These asymptotic relation among gauginos can arise by considering suitable supersymmetry breaking F-term contributions to the MSSM gaugino masses. In this article we study Case I and Case II separately since they yield very specific low energy spectrum which can be tested at the LHC. It is interesting to note that in Case II we obtain approximate unification for MSSM gaugino masses at low scale which can lead to the so-called 'compressed' supersymmetry [19] .
The layout of this paper is as follows. In Section 2, we describe how the MSSM gaugino mass relations can be obtained at M GUT . We present in Section 2 the parameter space that we scan over and the experimental constraints that we employ. In Section 3 we briefly describe the fine-tuning conditions at low and high scales. The results for Case I and Case II are discussed in Section 4. Our conclusion are presented in Section 5.
Parameters and Phenomenological Constraints
It has been pointed out [20] that non-universal MSSM gaugino masses at M GUT can arise from non-singlet F -terms, compatible with the underlying GUT symmetry such as SU (5) or SO (10) . The SSB gaugino masses in supergravity [15] can arise from the following non renormalizable operator:
Here λ a is the two-component gaugino field, F ab denotes the F -component of the field which breaks SUSY, and the indices a, b run over the adjoint representation of the gauge group. The resulting gaugino mass matrix is F ab /M P , where the supersymmetry breaking parameter F ab transforms as a singlet under the MSSM gauge group
ab fields belong to an irreducible representation in the symmetric part of the direct product of the adjoint representation of the unified group. This is a supersymmetric generalization of operators considered a long time ago [21] .
In SO(10), for example,
If the F -component of the field transforms as a 210 or 770 dimensional representation of SO(10) [20] , one obtains the following relation among the MSSM gaugino masses at M GUT , depending whether we have a "normal" embedding [22] of SU (5) × U (1) ⊂ SO(10)
or "flipped" SU (5) embedding [23] , SU (5) × U (1) ⊂ SO(10):
Here M 1 , M 2 , M 3 denote the gaugino masses of U (1), SU (2) L and SU (3) c respectively. Notice that in general, if F ab transforms non trivially under SO(10), the SSB terms such as the trilinear couplings and scalar mass terms are not necessarily universal at M GUT . However, we can assume, consistent with SO(10) gauge symmetry, that the coefficients associated with terms that violate SO(10) invariance are suitably small, except for the gaugino term in Eq.(5) (or in Eq. (6)). We also assume that D-term contributions to the SSB terms are much smaller compared to the contributions from fields with non-zero auxiliary F-terms.
Employing the boundary condition from Eq. (5), one can define the MSSM gaugino masses at M GUT in terms of the mass parameter M 1/2 :
and
Thus, we have the following fundamental parameters in the SSB sector:
In this paper we focus on µ > 0.
We have performed random scans with the ISAJET 7.84 package [18] for the following range of the parameter space:
We set m t = 173.2 GeV [24] and m b (m Z ) = 2.83 GeV, which is hard-coded into ISAJET. Note that varying the top quark mass within a 1 σ interval can change the Higgs boson mass by 1 GeV or so [25] . In performing the random scan a uniform and logarithmic distribution of random points is first generated in the parameter space given in Eq. (10) . The function RNORMX [26] is then employed to generate a Gaussian distribution around each point in the parameter space. The collected data points all satisfy the requirement of REWSB with one of the neutralinos being the lightest supersymmetric particle (LSP).
After collecting the data, we impose the mass bounds on all the particles [27] and use the IsaTools package [28] to implement the various phenomenological constraints. We successively apply the following experimental constraints on the data that we acquire from ISAJET:
Note that for ∆(g − 2) µ , we only require that the model does no worse than the SM.
Fine-Tuning Constraints
The latest (7.84) version of ISAJET [18] calculates the fine-tuning conditions related to the little hierarchy problem at M EW and at the GUT scale (M HS ). We will briefly describe these parameters in this section.
After including the one-loop effective potential contributions to the tree level MSSM Higgs potential, the Z boson mass is given by the relation:
The Σ's stand for the contributions coming from the one-loop effective potential (For more details see ref. [11] ). All parameters in Eq. (11) are defined at the weak scale M EW .
Electroweak Scale Fine-Tuning
In order to measure the EW scale fine-tuning condition associated with the little hierarchy problem, the following definitions are used [11] :
Here, i labels the SM and supersymmetric particles that contribute to the one-loop Higgs potential. For the fine-tuning condition we have
Note that Eq. (13) defines the fine-tuning condition at M EW without addressing the question of the origin of the parameters that are involved.
High Scale Fine-Tuning
In most SUSY breaking scenarios the parameters in Eq. (11) are defined at a scale higher than M EW . In order to fully address the fine-tuning condition we need to check the relations among the parameters involved in Eq. (11) at high scale. We relate the parameters at low and high scales following ref. [11] :
Here m
(Λ) and µ 2 (Λ) are the corresponding parameters renormalized at the high scale Λ, which can either be the GUT, string or some other scale. The δm
, δµ 2 measure how the given parameter is changed due to Renormalization Group Evolution (RGE). Eq. (11) can be re-expressed in the form
. (15) Following ref. [11] we define:
and the high scale fine-tuning measure ∆ HS is defined to be
The current experimental bound on the chargino mass (m W > 103 GeV) [27] indicates that either ∆ EW or ∆ HS cannot be less than 1. The quantities ∆ EW and ∆ HS measure the sensitivity of the Z-boson mass to the parameters defined in Eqs. (12) and (16), such that (100/∆ EW )% ((100/∆ HS )%) is the degree of fine-tuning at the corresponding scale. Figure 1 shows our results in the ∆ HS − ∆ EW planes for Case I where we assume the following relation among the MSSM gauginos:
Results

Case I
Gray points are consistent with REWSB and a neutralino LSP. The orange points form a subset of the gray ones and satisfy all the constraints described in Section 2. Green points form a subset of orange points and satisfy the condition 123 GeV ≤ m h ≤ 127 GeV imposed on higgs mass. The green points in the ∆ HS − ∆ EW plane indicate that it is possible to simultaneously have ∆ EW ≈ 10 and ∆ HS ≈ 40. This result is somewhat similar to what was obtained in the 4-2-2 framework [12] , but there is significant difference in terms of neutralino as the possible dark matter candidate. It was shown that in the 4-2-2 model with C-parity, due to the relation M 3 /M 1 > 2/5 between bino and gluino masses, the lightest neutralino is mostly Higgsino, or when the neutralino is mostly bino its mass is more then a few hundred GeV. On the other hand in Case I we have M 3 /M 1 = 5 at the GUT scale, and we can observe in the M GeV. This means that we can still have the light Higgs (h) and Z resonance channels for the neutralino dark matter candidate. Note that it is difficult to have such a light neutralino in the case of gaugino unification at the GUT scale. In Figure 2 , M Figure 2 , we can see that the gluinos are somewhat lighter than the winos, which results in mass degeneracy of the first two families of right handed squarks and left handed sleptons as seen in Figure 3 . More interesting perhaps is the parameter space shown in Figure 3 where squarks are shown to be lighter than the sleptons. Color coding is the same as described in Figure 1 . In addition, we have used the maroon color to denote a subset of the green points with ∆ HS < 150 and ∆ EW < 100. From the md c − ml plane, it is interesting to note that some of these green points correspond to lighter right handed squark, left handed sleptons and gluinos compared to the solution with smaller ∆ HS and ∆ EW presented in maroon color.
The solution to the little hierarchy problem also prefers heavier gluinos as seen from the mq − mg plane of Figure 3 . Here mq stands for first two generation of left handed squarks. Our conclusion is that in Case I the solution which ameliorates the little hierarchy problem yields gluino mass heavier than 2.5 TeV and is therefore fully consistent with the current CMS and ATLAS observations [4, 5] .
In order to gain a sense of the sparticle mass ranges expected from natural supersymmetry considerations we plot ∆ EW and ∆ HS versus selected sparticle masses. We Color coding is the same as described in Figure 1 . In addition, we have used maroon color to denote a subset of the green points with ∆ HS < 100 and ∆ EW < 100. planes for the Case I. Color coding is the same as described in Figure 3 . In addition, we have used blue color to denote a subset of the maroon points with Ωh 2 < 1. The unit slope line is shown to guide the eye.
independently present ∆ EW and ∆ HS dependence on the sparticle masses since there are different approaches to the little hierarchy problem. For instance, in the framework of the so-called radiative natural SUSY [32] , radiatively-induced low scale-tuning is addressed. If one adopts this approach we can only focus on ∆ EW versus sparticle masses. For a more general case we can check how the little hierarchy condition works for any scale presenting results in terms of ∆ EW and ∆ HS . In Figure 5 the color coding is the same as described in Figure 1 . The ∆ EW − mχ0 1 plane shows that in Case I the LSP neutralino can be as light as 80 GeV with ∆ EW ≈ 10. However, the ∆ HS − mχ0 1 plane shows that ∆ HS ≈ 60 for the same value of neutralino mass.
In the ∆ EW − mτ 1 plane, we show that ∆ EW ≈ 10 allows mτ 1 ∼ 100 − 1000 GeV. On the other hand ∆ EW < 100 allows mτ 1 ∼ 100 − 600 GeV, which is accessible at the ILC. According to the ∆ EW − mτ 1 and ∆ HS − mt 1 plots the stop quarks are relatively heavy compared to the stau leptons. The ∆ EW − mt 1 plane shows that the lightest top in Case I has mass mt 1 ≈ 1200 GeV with ∆ EW ≈ 10 .
We can see in Figure 5 that a variety of coannihilation scenarios are compatible with the relaxed little hierarchy problem and neutralino dark matter. Color coding is the same as described in Figure 3 . In addition, we have used blue color to denote a subset of the maroon points with Ωh 2 < 1. The unit slope line indicates the presence of neutralino-stau coannihilation scenario and bino-higgsino admixture for the lightest neutralino. In the mτ 1 −mχ0 In Figure 6 we show the implication of our analysis for direct detection of dark matter. Plots are shown in the σ SI − mχ0 1 and σ SD − mχ0 1 planes and the color coding is the same as described in Figure 5 . The left panel shows the current and future bounds from CDMS as black (solid and dashed) lines, and as red (solid and dotted) lines for the Xenon experiment. The right panel also shows the current bounds from Super K (solid red line) and IceCube (solid black line), and future reach of IceCube DeepCore (dotted black line). We found that the µ ∼ M 1 case is consistent with natural supersymmetry, as this is the requirement to get bino-higgsino admixture for the lightest neutralino which, in turn, enhances both the spin dependent and spin independent neutralinonucleon scattering cross sections. This shows that the ongoing and planned direct detection experiments will play a vital role in testing the bino-higgsino dark matter scenario (light blue points upper part on the σ SI − mχ0 1 plane). It should be noted that IceCube currently is sensitive only to relatively large neutralino masses and therefore does not constrain the parameter space we have considered. Likewise, while Super-K is sensitive in this region, the bounds are not stringent enough to rule out anything. However, from σ SD − mχ0 1 plane we see that the future IceCube DeepCore experiment will be able to constrain a significant region of the parameter space. In particular, it will test the bino-higgsino dark matter scenario. Finally, we present a few benchmark points in Table 1 highlighting the phenomenologically interesting features of Case I. All of these points are consistent with neutralino LSP and the constraints mentioned in Section 2. Point 1 displays a solution with minimal value of ∆ HS . Point 2 represents minimal values of ∆ EW and ∆ HS . Point 3 depicts solutions corresponding to minimal ∆ EW and ∆ HS and best Ω CDM h 2 values.
Point 4 displays Z-resonance channels which is forbidden in the universal gauginos (M GU T ) scenario due to the current gluino mass bound mg > 900 GeV. This solution is allowed in Case I because of the gaugino relation presented in Eq. (8) . Although the fine tuning parameters are large for Point 4, it is still interesting to emphasize the existence of this solution.
Case II
Next we consider Case II for which the GUT scale gaugino masses satisfy relation M 1 : M 2 : M 3 = −5 : 3 : 1. Figure 7 shows our results in the ∆ HS − ∆ EW planes for Case II. Gray points are consistent with REWSB and LSP neutralino. Orange points form a subset of the gray ones and satisfy all the constraints described in Section 2.
Green points belong to the subset of orange points and satisfy the condition 123 GeV ≤ m h ≤ 127 GeV. The green points in the ∆ HS −∆ EW plane indicate that it is possible to have simultaneously ∆ EW ≈ 50 and ∆ HS ≈ 170, which are larger compared to what we obtained for Case I. This increase in the values of ∆ HS and ∆ EW can be understood from the results presented in Figure 8 . Figure 8 show how the parameter space changes if a solution of the little hierarchy problem is required. In this particular case the maroon color denotes a subset of the green points with ∆ HS < 300 and ∆ EW < 150. We see that the maroon points correspond to M Figure 8 , the sparticle spectrum compatible with the little hierarchy problem in Case II is very heavy and will be difficult to observe at the LHC. A more detailed discussion about the sparticle spectrum is presented below.
In Figure 9 , we present the supersymmetric particle spectrum in the mq − mg, ml − mg, mt 1 − mχ0 1 and mχ+ 1 − mχ0 1 planes for Case II. Color coding is the same as described in Figure 8 . In addition, we have used blue color to denote a subset of the maroon points with Ωh 2 < 1. The mq − mg panel shows that in Case II, the resolution of the little hierarchy problem with acceptable Higgs boson mass yields gluino and first two family squark masses heavier than 3 TeV. These intervals are fully compatible with the current lower mass bounds obtained by the ATLAS and CMS collaborations. Figure 8 shows that the gauginos are nearly degenerate with masses greater than 3 TeV. This result explains why in the ml − mg plane we cannot have light sleptons compatible with the little hierarchy problem and, in general, the green points show that the sleptons in this model cannot be lighter than 2 TeV.
The lightest colored particle in this model is the stop quark. We can see from the mt 1 −mχ0 1 panel that the stop quarks cannot be lighter than 2 TeV, and the stops belong Figure 7 : Plots in the ∆ HS − ∆ EW planes for the Case II. Gray points are consistent with REWSB and neutralino to be LSP. The orange points form a subset of the gray ones and satisfy all the constraints described in Section 2. Green points belong to the subset of orange points and satisfy the Higgs mass range 123 GeV ≤ m h ≤ 127 GeV.
to the sparticle spectrum which ameliorate the little hierarchy problem. Moreover, if we relax the condition for natural supersymmetry, we can have neutralino-stop mass degeneracy at around 500 GeV, which is still compatible with the LHC data. To have a stop quark of around 500 GeV as the only light colored sparticle and all other colored sparticles above 2.5 TeV results from a combination of the RGE running and an interplay of parameters in the stop quark mass matrix [36] .
In the mχ+ 1 − mχ0 1 plane we observe that the maroon points lie near the unit line, which indicates that the lightest neutralino is higgsino-like. This observation agrees with the results displayed in the M S 1 − µ plane in Figure 8 . We can see that when µ is of order of 100 GeV, the bino has mass greater than 3 TeV. This yields relatively low values for the relic dark matter abundance unless the LSP neutralino mass is around 1 TeV [34] . On the other hand in the mχ+ Figure 8 , are the solutions for neutralino dark matter with bino-gluino [33] and bino-wino [35] coannihilation channels.
Finally in Table 1 Color coding is the same as described in Figure 7 . In addition, we have used maroon color to denote a subset of the green points with ∆ HS < 300 and ∆ EW < 150. Color coding is the same as described in Figure 8 . In addition, we have used blue color to denote a subset of the maroon points with Ωh 2 < 1. 
Conclusion
We have attempted to ameliorate the little hierarchy problem and thereby implement natural supersymmetry within the framework of SO(10) grand unification. Through a judicious choice of SO(10) fields with designated vacuum expectation values, we can realize M 2 /M 3 ≈ 3, which can yield natural supersymmetry. Here M 2 and M 3 denote the SU (2) W and SU (3) c gaugino masses at M GU T . We consider two distinct scenarios, namely M 1 : M 2 : M 3 = −1/5 : 3 : 1 (Case I), and M 1 : M 2 : M 3 = −5 : 3 : 1 (Case II). We explore the parameter space of these models which yield small fine-tuning measuring parameters (natural supersymmetry) at the electroweak scale (∆ EW ) as well as at high scale (∆ HS ). These two models yield more or less similar solutions to the little hierarchy problem, however the light sparticle spectrum differs significantly. Depending on the ratio of the bino mass (M 1 ) to the other gaugino masses, we can have in Case I stau leptons around 100 GeV, while in Case II the stau sleptons lie in the TeV region. In Case I we can have a bino-like neutralino as light as 90 GeV and gluino heavier than 2 TeV or so, while in Case II the gluino and bino are nearly degenerate in mass and the bino cannot be lighter than a TeV or so. Having a relatively light neutralino with sizable bino-higgsino mixture in Case I makes the model testable at the direct dark matter search experiments. Finally, we present a few benchmark points in Tables 1 and 2 highlighting phenomenologically interesting features of Case I and Case II. Relaxing the constraint from the little hierarchy problem, we find that the LSP neutralino can be a suitable dark matter candidate with bino-gluino and bino-wino coannihilation channels.
